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EFFECT OF WINGLETS ON A FIRST-GENERATION JET TRANSPORT WING 


II - PRESSURE AND SPANWISE LOAD DISTRIBUTIONS FOR A SEMISPAN MODEL 

AT HIGH SUBSONIC SPEEDS 

Lawrence C. Montoya 
Dryden Flight Research Center 

Stuart G. Flechner and Peter F. Jacobs 
Langley Research Center 


SUMMARY 

Pressure and spanwise load distributions on a first-generation jet trans- 
port semispan model at high subsonic speeds are presented. The data were mea- 
sured for the basic wing and for configurations with an upper winglet only, 
upper and lower winglets, and a simple wing- tip extension. Selected data are 
discussed to show the general trends and effects for the various configurations. 
The results show that the winglets mainly affected the pressure distributions 
on the outboard region of the wing near the tip. In general, the wing pressure 
coefficients become more negative on the aft region of the upper surface and 
more positive on the lower surface because of the winglets. At high angles of 
attack the winglet configurations show good trailing-edge pressure recovery near 
the wing tip, whereas the basic-wing configuration shows poor recovery. With 
the lower vfinglet on, the high induced velocities on the upper surface of the 
upper winglet near the leading edge are reduced, which in turn reduced the 
effects of the upper winglet on the wing. The effects of the lower winglet 
become more pronounced at high angles of attack and Mach numbers. The winglet 
and tip-extension configurations increased the loads near the wing tip and 
resulted in approximately the same root bending moment at the wing-fuselage 
juncture. 


INTRODUCTION 

Winglets, as described in reference 1, are intended to provide reductions 
in drag coefficient, at cruise conditions, substantially greater than those 
obtained with a simple wing- tip extension, which has been designed to impose the 
same bending increments on the wing structure as the winglets. The National 
Aeronautics and Space Administration has been conducting extensive experimental 
investigations of the effects of winglets on jet transport wings at high sub- 
sonic Mach numbers. (See refs. 2 and 3 .) 

This investigation was conducted to determine the effects of winglets and 
a simple wing- tip extension on the longitudinal aerodynamic characteristics, 
surface static-pressure distributions, and cross-flow velocities behind the wing 
tip of a first-generation jet transport. This paper, which is one of a series, 


presents wing and winglet chordwise pressure distributions and spanwise loadings 
at high subsonic speeds only. Longitudinal aerodynamic characteristics and 
cross-flow velocities are presented in reference 4. Chordwise pressure and 
spanwise load distributions for the wing and winglets at a Mach number of O. 3 O 
are presented in reference 5. Results are given herein for the basic wing and 
configurations with an upper winglet, upper and lower winglets, and a simple 
wing-tip extension . 

Data are presented for wind-tunnel free-stream Mach numbers of 0.70, 0.75, 
0 . 78 , and 0.80 at a constant free-stream dynamic pressure of 41 kPa (850 psf) 
and an angle-of-attack range from about 0° to 7°. The Reynolds number varied 
slightly from 18.67 x 10^ per m (5.69 x 10^ per ft) at Mach 0.70 to 
16.90 X 10^ per m (5.15 x 10^ per ft) at Mach 0.80. 


SYMBOLS 

Force and moment data have been reduced to coefficient form based on the 
exposed trapezoidal area of the basic wing. All dimensional values are given in 
both the International System of Units (SI) and U.S. Customary Units (ref. 6). 
All measurements and calculations were made in U.S. Customary Units. 

Coefficients and symbols used herein are defined as follows: 

b' exposed semispan of wing with basic tip, 124.26 cm (48.92 in.) 

Ab' incremental increase in exposed wing semispan (tip extension), O .38 

of span of upper winglet, 7.62 cm (3-00 in.) 

c local chord, cm (in.) 

c mean geometric chord of exposed basic wing, 39.98 cm (15.74 in.) 

c^y average chord of exposed basic wing, S/b', 37.41 cm (14.73 in.) 

c^ tip chord of basic wing, cm (in.) 

Cbi bending -moment coefficient of wing at wing-fuselage juncture. 

Bending moment/q^Sb' 

Cl lift coefficient, Lift/q^S 

Cjn pitching-moment coefficient 

Cjj normal-force coefficient obtained from integration of spanwise load 

distribution 

Cjj section normal-force coefficient obtained from integration of pressure 

measurements 

Cp pressure coefficient, (pi - Poo^/Qoo 
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^p, sonic pressure coefficient corresponding to local speed of sound 

h span of upper winglet from chord plane of wing tip (see 

fig. 2(b)), cm (in.) 

i incidence of winglet measured from free-stream direction, positive 

with leading edge inward for upper winglet, outward for lower 
winglet (see fig. 2(b)), deg 

M free-stream Mach number 

00 

p^ local static pressure. Pa (psf) 

p^ free-stream static pressure. Pa (psf) 

free-streaun dynamic pressure. Pa (psf) 

R Reynolds number per unit length, per m (per ft) 

S exposed trapezoidal area of basic wing, 0.4648 m^ (5.0034 ft^) 

X chordwise distance from leading edge, positive aft, cm (in.) 

y spanwise distance from wing- fuselage juncture, positive outboard, 

cm ( in . ) 

z vertical coordinate of airfoil, positive upward, cm (in.) 

z' distance along winglet span from chord plane of wing, cm (in.) 

a angle of attack, deg 

q exposed wing setdispan station (based on basic-wing panel), y/b' 

Subscript: 

basic reference configuration, model with no wing-tip devices 

Abbreviations: 

L.S. lower surface 

U . S . upper surface 

EXPERIMENTAL APPARATUS AND PROCEDURES 
Test Facility 

This investigation was conducted in the Langley 8-foot transonic pressure 
tunnel, a continuous single-return tunnel with a slotted rectangular test sec- 
tion. The longitudinal slots in the floor and ceiling of the test section 



reduce tunnel wall interference and allow relatively large models to be tested 
through the subsonic speed range. Controls are available to permit independent 
variation of Mach number, stagnation pressure, temperature, and dew point. A 
more detailed description of the wind tunnel is given in reference 7. 


Model Description 

To obtain the highest possible winglet Reynolds number and sufficient wing- 
let size in which to install surface pressure measurement tubes, a semispan 
model was utilized. The 0.07-scale semispan model used in this investigation 
was of the KC- 135 A transport aircraft. Photographs of the model in the wind 
tunnel are shown in figure 1 , and drawings of the model in figure 2 . 

Fuselage .- The fuselage contours closely simulate the full-scale fuselage 
shape, with the exception of the wheel-well area. An enlargement of this area 
was necessary to enclose the model mounting apparatus. The fuselage midsection 
covers the balance and has a slot through which the wing protrudes. The fuse- 
lage is not attached to the balance, but it does rotate with the wing through 
the angle-of-attack range. 

Wing .- The basic wing of the KC-135A model has 7° dihedral and 2° of inci- 
dence at the root chord. The wing has no geometric twist. A typical outboard 
airfoil section is shown in figure 3, with its coordinates presented in table I. 
The wing thickness ratio varies nonlinearly from 15 percent at the wing- fuselage 
juncture to 9 percent at the trailing-edge break and then remains constant at 
9 percent to the wing tip. The trapezoidal planform of the total wing (extended 
to the fuselage center line) has a sweep at the quarter-chord of 35°, an aspect 
ratio of 7.0, and a taper ratio of 0.35. For all data analysis, the reference 
geometry parameters S, b', c, and c^y are based on the exposed trapezoidal 
planform of the basic wing. The model wing stiffness was designed so that the 
relative model bending deflection at the tip was approximately the same as that 
for the actual airplane at cruise conditions. 

Nacelles .- Flow-through nacelles were used with an inlet diameter of 5.64 cm 
(2.22 in.) and exit diameter of 3*45 cm (1.36 in.). The inlet diameter was 
maintained back to approximately 0.66 of the nacelle length and then tapered lin- 
early to the exit. 

Tip extension .- The 7.62-cm (3.00-in.) wing-tip extension (fig. 2(a)) had 
the same coordinates as the outboard wing section. The span was estimated so 
that the tip extension produced essentially the same increments in bending 
moment at the wing- fuselage juncture as the winglets. 

Winglets .- The winglet configuration investigated were based on the design 
approach described in reference 1 . A detailed drawing of the winglets used in 
this investigation is presented in figure 2(b). The winglets employed an 
8-percent-thick general aviation airfoil. Winglet airfoil coordinates are pre- 
sented in table II. 

The upper winglet has a span equal to the wing-tip chord, a root chord 
equal to 65 percent of the wing-tip chord, a leading-edge sweep of 38 °, a taper 



ratio of 0.32, and an aspect ratio of 2.33* The planform area of the upper wing' 
let is 3.8 percent of the exposed trapezoidal planform area of the basic wing. 
The upper winglet is canted outboard 15° from vertical (75° dihedral) and toed 
out 4° (leading edge outboard) relative to the fuselage center line. The upper 
winglet is untwisted and therefore has constant negative geometric incidence 
across its span. The "upper surface" of the upper winglet is the inboard 
surface. 

The lower winglet has a span equal to 23 percent of the wing-tip chord, a 
root chord equal to 40 percent of the wing-tip chord, a leading-edge sweep of 
52°, a taper ratio of 0.40, and an aspect ratio of 0.82. The planform area of 
the lower winglet is 0.6 percent of the exposed trapezoidal planform area of the 
basic wing. The lower winglet is canted outboard from vertical 36° (54° anhe- 
dral) and toed in 7° (trailing edge outboard for negative incidence) relative 
to the fuselage center line. The lower winglet was twisted about its leading 
edge with 4° washout at the tip. The "upper surface" of the lower winglet is 
the outboard surface. 

To smooth the transition from the wing to the winglets, fillets were added 
to the inside corners at those junctures and the outside corners were rounded. 


Boundary-Layer Transition Strips 

Boundary-layer transition strips were placed on both surfaces of the wing 
and winglets. These strips were comprised of a 0.159-cin (0.06-in.) wide band of 
carborundum grains sized on the basis of reference 8 and set in a plastic adhe- 
sive. The transition strip patterns for the wing and winglets are shown in 
figure 4. 

The transition strips on the lower surface of the winglets were located 
rearward in an attempt to simulate full-scale Reynolds number boundary- layer 
conditions. (See ref. 9.) The strips on the upper surface of the winglets were 
located forward to insure transition ahead of the shock wave for the various test 
conditions. 

The fluorescent-oil-film flow-visualization technique described in refer- 
ence 10 was employed to verify the presence of laminar flow ahead of the transi- 
tion strip. 


Test Conditions 

Measurements were taken at Mach numbers of 0.70, 0.75, 0.78, and 0.80 with 
the model angle of attack ranging from approximately 0° to 7°. During the tests 
stagnation temperature was maintained at 322 K (120° F), and the air was dried 
until the dew point was sufficiently low to prevent condensation effects. The 
Reynolds numbers and dynamic pressures at which the data were obtained are pre- 
sented in the following table: 
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M 

00 

R 

— 

per m 

per ft 

kPa 

psf 

0.70 

18.67 X 106 

5.69 X 106 

41 

850 

.75 

17.72 

5.40 

41 

850 

.78 

17.22 

5.25 

41 

850 

.80 

16.90 

5.15 

41 

850 


Measurements 

Force and moment data were obtained using a five -component electrical 
strain-gage balance. Side-force measurements were not taken. An accelerometer 
attached to the wing mounting block inside the fuseleige was used to measure angle 
of attack. 

Chordwise static-pressure distributions were measured at the 0.26, 0.77, 
0 . 92 , and 0.99 semispan stations of the basic wing (fig. 5(a)). In addition, 
they were measured at three stations on the upper winglet and at one station 
on the lower winglet (fig. 5(b)), for the respective wing-tip configurations. 
These stations were located at 0 t 15, 0.50, and 0.80 of the upper -winglet span 
and at 0.50 of the lower-winglet span, which correspond, respectively, to the 
1.01, 1.03, 1.05, and 1.01 wing semispan stations. (Note that semispan stations 
are defined as a fraction of the distance from the wing-fuselage juncture to the 
tip of the basic wing panel. As the upper and lower winglets extend beyond this- 
distance, semispan stations can be greater than 1.0). The wing and winglet pres- 
sures were measured with pressure-scanning valves. The range of the pressure 
sensors in the valves was sized for the upper or lower wing or winglet surfaces 
and wind-tunnel test^ conditions. 

Wing-tip deflections were determined from photographs of a chordwise line 
on the edge of the wing tip and are shown in figure 6. 


Corrections 

The slotted wind-tunnel test section is designed to reduce wall effects on 
lift. Data from this investigation show that the wing spanwise load distribu- 
tions for all configurations at the same conditions are nearly identical over 
the major portion of the span. Therefore, wall effects on wing lift can be con- 
sidered systematic, and no correction is made to the data for these effects. 

The wing semispan and the model frontal area were sufficiently small (1.5 percent 
of the test-section cross-sectional area) to avoid having to correct Mach number 
for wind-tunnel blockage effects (ref. 11). The angle of attack of the model 
was corrected for flow angularity in the wind tunnel. 
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PRESENTATION OF RESULTS 


The results of this investigation are presented in the following figures: 

Figure 


Variations of pitching-moment coefficient and angle of attack with 


lift coefficient 7 

Chordwise pressure distributions: 

Basic- tip configuration 8 

Upper-winglet configuration 9 

Upper-and-lower-winglet configuration 10 

Tip-extension configuration 11 

Comparison of basic-tip and upper-winglet configurations 12 

Comparison of upper-winglet and upper-and-lower-winglet 

configurations 13 

Spanwise load distributions 14 

Variation of incremental wing bending-moment coefficient with 

lift coefficient 15 

Variation of ratios of normal-force coefficients for upper winglet 

to total lift coefficient at = 0.78 16 


DISCUSSION OF RESULTS 

The discussion presented herein is limited to a few selected cases. The 
data discussed are considered to show trends which are generally representative 
of the various configurations. The data presented at = 0.78 and a = 2.5° 
are at the design cruise conditions of the basic wing. 

Throughout the figures of this paper, an effort has been made to retain a 
particular symbol with each of the four configurations tested (basic wing, upper 
winglet, upper and lower winglets, and tip extension). This practide is 
intended to facilitate identification of a particular set of data. Also, for 
the pressure distributions (figs. 8 to 11), the configuration is indicated at 
the top of each page. 

In figure 12, comparisons of the chordwise pressure distributions for the 
upper-winglet and basic-tip configurations are presented for two angles of 
attack at two Mach numbers. The comparison at = 0.70 and a = 2.5° 

(fig. 12(a)) shows no difference in the Cp variation for the two configura- 
tions at the two inboard wing stations but slightly more negative pressure coef- 
ficients on the wing upper surface for the upper-winglet configuration at 
n = 0.92. At the tip station (n = 0.99), the upper-winglet configuration has 
more negative pressure coefficients on the aft region of the wing upper surface 
and more positive pressure coefficients on the wing lower surface, with good 
pressure recovery (Cp », 0) at the trailing edge. At u = 0.99, the more nega- 
tive pressure coefficients on the wing upper surface begin at about x/c = 0.4, 
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which is the approximate location of the intersection of the upper-winglet lead- 
ing edge with the wing upper surface. 

Figure 12(b) compares the data at = 0.70 and a = 7.2° eind shows 
trends similar to those for a = 2.5°, with the exception of the trailing-edge 
pressure coefficients at ri = 0.99. The data show that the basic wing has poor 
trailing-edge pressure recovery, while the upper-winglet configuration has good 
pressure recovery. Because the basic-tip configuration indicates good pressure 
recovery at ri = 0.92, the poor recovery for this configuration at n = 0.99 is 
apparently due to vortex formation at the wing tip, which causes the pressure 
coefficients on the aft portion of the upper surface of the basic wing tip to 
become more negative. The upper winglet prevents this influence of the tip vor- 
tex on the upper-surface pressures, allowing the pressures to recover near the 
wing tip. 

Comparison of figures 12(c) and 12(d) for = 0.78 shows that the trends 
are similgu’ to those at = 0.70, with the exception that pressure coeffi- 
cients indicate flow separation at the trailing edge of the basic configuration 
at n = 0.92 and a = 7.2°. 

A comparison of the wing pressure distributions for the upper-winglet and 
upper-and-lower-winglet configurations is presented in figure 13. At = 0.70 
and a = 2.5° (fig. 13(a)), the data show that the pressure coefficients for 
the two configurations are generally similar except at the tip station where the 
upper-and-lower-winglet configuration shows slightly higher pressure coeffi- 
cients. The winglet pressure coefficients show that there are essentially no 
differences in the data except near the leading edge of the upper winglet at 
h = 1.01. The less negative pressure coefficients for the upper-and-lower- 
winglet configuration at n = 1.01 are due to the lower winglet reducing the 
high induced velocities on the inboard region of the upper surface of the upper 
winglet. At a » 7.2° (fig. 13(b)), the wing pressure coefficients at 
0 = 0.99 for the upper-and-lower-winglet configuration are more positive on 
the wing lower surface near the leading edge and less negative on the center 
portion of the wing upper surface than those for the upper winglet alone. The 
winglet pressure coefficients for a « 7.2° show trends similar to those at 
a = 2.5° in that the leading-edge pressure coefficients on the upper winglet 
are less negative with the lower winglet on. 

Comparison of figures 13(c) and 13(d) shows that the data for = 0.78 
have the same trends as those for = 0.70 (figs. 13(a) and 13(b)) with the 
exception that the upper-and-lower-winglet configuration has larger reductions 
of the high negative pressure coefficients on the aft portion of the wing upper 
surface at a « 7.2°. The pressure coefficients for the upper winglet 
(fig. 13(d)) show larger reductions due to installation of the lower winglet 
than those noted in figures 13(a), 13(b), and 13(c). Thus, the effect of the 
lower winglet becomes more pronounced at higher angles of attack and Mach 
numbers . 

The comparison of the wing spanwise load distributions at the design cruise 
conditions of = 0.78 and a = 2.5°, presented in figure l4(o), is used to 
discuss the general effects of the various configurations on the span loads. As 
is shown, the winglets and tip extension increase the wing loads near the tip. 
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These Increased loads resulted in about 3 •2-percent increase In bending-moment 
increment at the wing-fuselage juncture for the upper-winglet configuration and 
about 3.5 percent for the upper-and-lower-winglet and tip-extension configura- 
tions, as shown in figure 15 which was obtained from reference 1. The similar 
bending-moment increments between the winglet and tip-extension configurations 
were expected since the length of the tip extension was estimated to give the 
S8une increment in bending moment as the winglet configurations. 

The winglet spanwise loads show slightly lower values on the inboard region 
of the upper winglet with the lower winglet installed. The integrated winglet 
spanwise loads have shown (fig. 16, taken from ref. 1) that the normal-force 
coefficients are nearly the .same as the wing lift coefficients from the design 
lift coefficient to the lift coefficients at which the angle-of-attack and 
pitching-moment curves break. (See fig. 7.) 


SUMMARY OF RESULTS 

A wind-tunnel investigation of winglets mounted on the tip of a 0.07-scale 
KC-135A jet transport model wing has been conducted. Wing and winglet pressure 
and spanwise load distributions at high subsonic speeds have been presented for 
the basic wing and configurations with an upper winglet only, upper and lower 
winglets, and a simple wing- tip extension. An analysis of selected data which 
are considered to be representative of general trends for the various configura- 
tions tested indicate the following: 

1. The winglets mainly affect the pressure distributions on the wing near 
the tip. In general, the wing pressure coefficients were more negative on the 
aft region of the upper surface and more positive on the lower surface. 

2. The trailing-edge pressure coefficients at the wing tip show good pres- 
sure recovery for the winglet configurations but poor recovery for the basic- 
wing configuration at high angles of attack. 

3 . The lower winglet reduced the high induced velocities on the upper sur- 
face of the upper winglet near the leading edge which in turn reduced the effect 
of the upper winglet on the wing. The effects of the lower winglet were more 
pronounced at high angles of attack and Mach numbers. 

4. The winglets and tip extension increased the wing loads near the tip, 
which resulted in approximately the same root bending moment at the wing- 
fuselage juncture, as expected. 


Langley Research Center 

National Aeronautics and Space Administration 
Hcunpton, VA 23665 
April 18, 1977 
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TABLE I.- COORDINATES OF TYPICAL OUTBOARD WING SECTION 


|wing section at 2° incidencej 


Upper surface 

Lower 

surface 

x/c 

z/c 

x/c 

z/c 

0 

0 

0 

0 

.0011 

.0042 

.0020 

-.0054 

.0022 

.0056 

.0035 

-.0063 

.0034 

.0071 

.0061 

-.0073 

.0058 

.0090 

.0092 

-.0081 

.0095 

.0116 

.0201 

-.0097 

.0132 

.0136 

.0391 

-.0116 

.0180 

.0161 

.0631 

-.0139 

.0234 

.0186 

.0950 

-.0168 

.0324 

.0221 

.1016 

-.0174 

.0415 

.0253 

.1445 

-.0212 

.0536 

.0291 

.1826 

-.0245 

.0716 

.0338 

.2235 

-.0284 

.0897 

.0377 

.2597 

-.0314 

.0990 

.0394 

.2950 

-.0341 

.1132 

.0417 

.3326 

-.0366 

.1408 

.0454 

.3726 

-.0391 

.1589 

.0471 

.4276 

-.0418 

.1740 

.0483 

.4690 

-.0429 

.1861 

.0492 

.5110 

-.0433 

.2011 

.0501 

.5560 

-.0430 

.2192 

.0510 

.5967 

-.0424 

.2342 

.0516 

.6386 

-.0414 

.2584 

.0522 

.6818 

-.0406 

.3432 

.0522 

.7243 

-.0397 

.3729 

.0524 

.7620 

-.0389 

.4090 

.0513 

.7951 

-.0381 

.4572 

.0489 

.8308 

-.0377 

.5054 

.0454 

.8662 

-.0371 

.5416 

.0420 

.9029 

-.0363 

.5897 

.0367 

.9392 

-.0358 

.6379 

.0304 

.9790 

-.0348 

.6862 

.0226 

.9999 

-.0350 

.7343 

.0153 



.7582 

.0108 



.7823 

. 0065 



.8040 

.0027 



.8344 

- . 0023 



.8642 

-.0076 



.8874 

-.0119 



.9223 

-.0180 



.9492 

- . 0229 



.9718 

-.0269 



.9920 

-.0308 



1.0001 

-.0347 

1 






TABLE II.- AIRFOIL COORDINATES FOR WINGLETS 


x/c 

z/c 

for - 

Upper surface 

Lower surface 

0 

0 

0 

.0020 

.0077 

-.0032 

.0050 

.0119 

-.0041 

.0125 

.0179 

-.0060 

.0250 

.0249 

-.0077 

.0375 

.0296 

-.0090 

.0500 

.0333 

-.0100 

.0750 

.0389 

-.0118 

.1000 

.0433 

-.0132 

.1250 

.0469 

-.0144 

.1500 

.0499 

-.0154 

.1750 

.0525 

-.0161 

.2000 

.0547 

-.0167 
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(a) Complete configuration. 


L-75-8il30 



(b) Winglets. 


L-75-8429 


Figure 1.- Photographs of model. 









Typical winglet section 



Figure 2.- Concluded. 






Figure 5.- Wing and winglet static-pressure orifice locations 



WINGLET ORIFICE LOCATIONS 



(b) On winglets. 













Tip configuration 
Basic 

Upper winglet 
Upper + lower winglets 
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Figure 6.- Wing- tip deflections. 









Tip configuration 
Basic 

Upper wing let 
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a, deg 


.t .2 .3 .4 .5 .6 .7 .8 .9 


(a) = 0.70. 

Figure 7.- Variations of pitching-moment coefficient and angle of attack 

with lift coefficient. 
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(b) = 0.75. 

Figure ?•- Continued. 
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Cl 

(c) M«= 0.78. 

Figure 7.- Continued. 
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a, deg 
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17 = 0.26 
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Figure 9.- Pressure distributions for upper-winglet configuration 


































































































Figure 9*- Continued 































(g) Moo = 0.75; ■ « = 0°. Concluded 
Figure 9.- Continued. 










































=0.75; a = 2.5°. Concluded 


Figure 9.- Continued. 





































































































































































































































































































































Upper + lower winglet 



x/c 

(a) M = 0.70: a = 0°. Concluded 

00 


Figure 10.- Continued. 

















- 2-4 


Upper + lower winglet 




(b) M = 0.70; a = 2.0°. Concluded. 
00 ' 


Figure 10.- Continued. 
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upper + lower winglet 




(e) = 0.70; a = 5.0°. Concluded. 

Figure 10.- Continued. 
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= 0.75; a = 3.5°. Concluded 


Figure 10.- Continued. 






















































upper + lower winglet 


O Upper surface 
^ Lower surface 
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(1) = 0.75; a = 7.1°. Concluded. 

Figure 10.- Continued. 
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Lower winglet 


Upper winglet 


Upper + lower winglet 




Lower winglet 
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Upper winglet 
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<> Upper surface 
^ Lower surface 



(p) = 0.78; a = 3.5°. Concluded 

Figure 10.- Continued. 



























































Upper + lower ¥ringlet 





(s) = 0.80; a = 0°. Concluded 

CO ' 

Figure 10.- Continued. 






















O Upper surface 
Lower surface 



=0.80; a = 2.0°. Concluded. 
Figure 10.- Continued. 
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U.S. L S Configuration 
□ ffl Upper winglet 



0 .2 .4 .6 -e 1.0 0 .2 .4 .6 .8 1.0 


x/c x/c 

(a) Moo= 0.70; ct = 2.5°. 

Figure 13-- Comparison of pressure distributions for upper-winglet and upper 

and-lower-winglet configurations . 
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Tip configuration 
O Basic 

□ Upper winglet 
O Upper + lower winglets 
^ Tip extension^ b’= 0.38h 
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Figure 14.- Comparison of spanwise load distributions for various configurations. 

indicates lower-winglet data.) 




Figure 14.- Continued 











Figure 1^.- Continued 










Tip configuration 



Figure 14.- Continued 













Figure 14.- Continued 
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Figure 14.- Continued. 
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Figure 14.- Continued 
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Figure 14.- Continued 
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Figure 14.- Continued. 










Figure 14.- Continued 
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Tip configuration 
O Basic 

□ Upper winglet 
O Upper + lower winglets 
^ Tip extension^ b’= 0.38h 
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Figure 14.- Continued. 
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Upper winglet 
Upper + lower winglets 
Tip extensionA b'- 038h 





Figure 14.- Continued. 










Figure 14.- Continued. 








Upper winglet 
Upper + lower winglets 
Tip extension,A b’= 0.38h 



Figure 1M.- Continued. 










Figure 14.- Continued 
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Figure 14.- Continued 









Figure 14,- Continued. 







Upper winglet 
Upper + lower winglets 
Tip extension^ 0.38h 



Figure 14.- Concluded. 










Tip configuration 

per winglet 

oer + lower winglets 



Figure 15.- Variation of incremental bending-moment coefficient with 
lift coefficient at wing-fuselage juncture. M = 0.78. 




Tip configuration 
Upper winglet 
Upper + lower winglets 
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Figure 16.- Variations of ratios of normal-force coefficients for upper winglet 
to lift coefficient for total configuration. M =0.78. 
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